The binaural coherence edge pitch ͑BICEP͒ is a dichotic broadband noise pitch effect similar to the binaural edge pitch ͑BEP͒. The BICEP stimulus is made by summing spectrally dense sine wave components with random phases. The interaural phase angle is a constant ͑0 or ͒ for components with frequencies below ͑or above͒ a chosen edge frequency, and it is a random variable for the remaining components. The chosen edge frequency is a coherence edge because the noises to the two ears are mutually coherent within any band of frequencies on one side of the edge and they are mutually incoherent in any band on the other side. Pitch-matching experiments show that the BICEP exists for coherence edge frequencies between about 300 and 1000 Hz. It is matched by a pure-tone frequency that differs from the edge frequency by 5% to 10%. The matching frequency lies on the incoherent side of the edge, an important result that is consistent with the way that the equalization-cancellation model has been applied to binaural pitch effects, especially the BEP. The results of BICEP experiments depend upon whether the coherent components are presented in 0 or interaural phase for some listeners but not for all. The BICEP persists if the noise to one of the ears is delayed, but it becomes weaker and less well matched as the delay increases beyond 2 ms. The BICEP does not depend on whether the component amplitudes are all created equal or are given a Rayleigh distribution. Some reliable pitch sensation exists even when the component amplitudes are entirely independent in the two ears, so long as the phase coherence conditions of the BICEP stimulus are maintained. The existence of the BICEP is a challenge for current models of dichotic pitch because none of them predicts all its features.
I. INTRODUCTION
The binaural coherence edge pitch ͑BICEP͒ is a dichotic noise pitch effect, made with white noise wherein a particular interaural phase relationship causes a pitch to appear. Therefore, the BICEP is a member of the family of effects that began with the Huggins pitch and includes the binaural edge pitch ͑BEP͒. Like the Huggins pitch and BEP, the BICEP sounds like a narrow band of noise or like a pure tone embedded in noise.
A. The Huggins pitch
The first, and strongest, tonotopically local dichotic pitch effect is the Huggins pitch ͑Cramer and Huggins, 1958͒. It is created by dichotic broadband noise having a transition frequency region over which the interaural phase changes by 360 deg. For example, the interaural phase angle might be zero for all frequencies up to 580 Hz and 360 deg ͑equivalent to zero͒ for all frequencies above 620 Hz. Between 580 and 620 Hz is the transition region where the interaural phase changes smoothly from 0 to 360. In the center of the transition region, at a frequency of 600 Hz, the interaural phase is 180 deg. Such a stimulus produces a pitch with a frequency of about 600 Hz. The width of the transition region is a critical experimental variable. The width described above, 7% of the center frequency, is about optimal for hearing the effect ͑Cramer and Huggins, 1958; Hartmann, 1979͒. Durlach ͑1962͒ explained the Huggins pitch in terms of his equalization-cancellation ͑EC͒ model ͑Durlach, 1972͒, in which the signals to the two ears can be binaurally added or subtracted in the central auditory system. 1 Applied to the above stimulus, the binaural subtraction operation leads to a central spectrum that is zero everywhere except in the phase transition region. Within the transition region there is a peak centered at 600 Hz, in agreement with the perceived frequency.
Evidence in favor of the EC explanation for the Huggins pitch can be found by creating a monaural analog to the Huggins effect. The analog simulates the supposed action of the binaural system by electronically subtracting the left and right signals of the dichotic stimulus to make a monaural stimulus in which most of the noise components are canceled. Perception of the resulting noise band can be compared with the percept obtained dichotically in Huggins pitch. When the noises are electronically subtracted, the peak in the monaural spectrum leads to a spectral pitch of about 600 Hz as expected. If the width of the transition region is increased, the pitch tends to disappear. As a function of transition region width, the dichotic pitch ͑Huggins pitch͒ disapa͒ A preliminary study of the BICEP was reported at the 107th meeting of the Acoustical Society of America at Norfolk in the spring of 1984 ͑Hartmann, 1984a͒. The noises used in that study were only 0.25 s in duration and they were not recomputed for each trial. Noises used in the experiments of the present article were much superior technically, but the results were not much different. pears in the same way as the spectral pitch, electronically generated by subtracting channels ͑Hartmann, 1979͒. At every value of the width, the change in pitch strength is about the same for both kinds of presentation.
B. The binaural edge pitch
The binaural edge pitch ͑BEP͒ stimulus ͑Klein and Hartmann, 1980͒ resembles the Huggins pitch stimulus, but the phase variation is only 180 deg, and the width of the transition region may be zero. Applying the cancellation process from Durlach's model leads to a central spectrum which is either a high-pass or low-pass noise band. For example, if the noise components in the two ears are in phase below the phase transition frequency and 180 deg out of phase above that frequency, then binaurally adding noises in the two ears would lead to a low-pass central spectrum, whereas subtracting noises in the two ears would lead to a high-pass central spectrum. Because noise bands with sharp spectral edges ͑monaural or diotic͒ produce pitches near the edges ͑Small and Daniloff, 1967; Fastl, 1971͒ , it was predicted, by analogy with Durlach's argument, that the central spectrum created by the dichotic stimulus would also have a pitch, namely the BEP. Experiments showed that the BEP did exist, though it was weaker than the Huggins pitch. It is perhaps not extending the analogy too far to say that the BEP is weaker than the Huggins pitch by about the same amount as the spectral edge pitch is weaker than the pitch of the monaural spectral peak generated by subtracting the Huggins pitch channels.
The comparison between BEP and the pitch of a monaural spectral edge is strengthened by the results of pitchmatching experiments. A monaural noise with a spectral edge has a pitch that is close to the edge, but somewhat within the noise band itself. A low-pass noise band leads to a pitch that is a few percent below the cutoff frequency; a high-pass noise band has a pitch a few percent above the cutoff ͑Klein and Hartmann, 1980; Frijns et al., 1986͒ . Application of this monaural analogy to the BEP involves an ambiguity. Whether the BEP central spectrum most resembles a high-pass or low-pass noise band depends on the EC operation applied by the central auditory system, binaural addition, or subtraction. Klein and Hartmann found evidence that the BEP is bimodal, and they analyzed all their data in that way. The two peaks of the bimodal distribution compared well with spectral edge pitches that were obtained by physically combining the two channels to make high-pass and low-pass bands. Thus, the ambiguity present in the model appeared to be present in the experimental pitch matches as well.
It was conjectured that the pitches of both monaural spectral edges and binaural edges were caused by Mach bands due to lateral inhibition. In the case of a spectral edge, neurons tuned to noise components within the noise band but close to the edge would not be inhibited as much as neurons tuned to frequencies well inside the noise band. The effect of decreased lateral inhibition on these neurons near the edge of the band would produce a peak in the excitation pattern at a tonotopic place corresponding to a sine tone just inside the noise, as observed experimentally. In the case of the binaural edge, central neurons following the EC process would similarly reflect Mach bands. This conjecture for the binaural edge was therefore consistent with the bimodal distribution of the BEP with peaks just above and below the edge frequency. The agreement between experiment and theory was interpreted as support for the EC model. Using the EC model to explain the BEP data depended on the assumption that the binaural system would sometimes use binaural addition of channels and sometimes use subtraction.
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C. The binaural coherence edge pitch
A further prediction that follows from the EC model is that a central spectrum with an edge can be created by a binaural coherence edge. For example, if all the spectral components below an edge frequency are identical in amplitude and phase in the left and right channels, and all the components above the edge frequency have uncorrelated phases, then an operation that binaurally subtracts the left and right noises leads to a central edge because the lowfrequency components cancel exactly while the incoherent components above the edge survive the subtraction operation. The central spectrum generated by this stimulus should resemble a high-pass noise with a sharp edge leading to a pitch. This predicted pitch is the BICEP. By analogy with monaural high-pass noise this pitch should lie above the coherence edge frequency. Similarly, noise that is coherent above an edge frequency and incoherent below the edge should lead to a pitch that is below the edge frequency.
These then are the predictions for the BICEP. If these predictions hold then the BICEP has a particular advantage over the BEP because the BICEP is predicted to be above or below the coherence edge unambiguously as determined by the stimulus. That is because only the binaural subtraction process leads to a sharp central edge with the BICEP stimulus. In contrast, either binaural subtraction or binaural addition leads to a sharp central edge with the BEP stimulus. Therefore, the BEP depends on a choice made by the central processor; the choice of binaural subtraction or addition determines whether the pitch is below or above the binaural phase edge, and that choice is not experimentally controllable. Because of this theoretical advantage of the BICEP, it is of considerable interest to know whether the BICEP exists and whether it is shifted away from the edge frequency as predicted.
II. EXPERIMENT 1-MIDDLE RANGE
A. Method
Pitch-matching experiments were done to see if the BICEP exists and, if it does exist, to check the predicted pitch shifts. The matching experiments used an alternating sequence of BICEP stimulus and sine wave matching tone. The listener could adjust the frequency of the matching tone to best match the pitch heard in the BICEP stimulus.
B. Stimuli
To make a noise with a binaural coherence edge, the left channel was created by adding 16 384 spectral components having equal amplitudes and random phases over a 360-deg range. The components for the right channel were identical in amplitude and phase to the components for the left channel for frequencies on the coherent side of the edge. For frequencies on the incoherent side of the edge, the amplitudes were again equal, but the phases were rerandomized over a 360-deg range.
Noise computations were done in a Tucker-Davis ͑TDT͒ AP2 array processor. Noises were converted to analog form by the 16-bit DACs on a TDT DD1. The noise stimulus buffers were recomputed, with a new set of 16 384 random component phases, prior to each matching trial. For each channel, the buffer was 32 768 samples in length, and the sample rate was 20 ksps. Therefore, the cycle time was 1.6 s and the components of the noise were separated by 0.61 Hz. Thus, the transition from complete coherence to complete incoherence occurred over a frequency difference of 0.61 Hz. The noises were low-pass filtered at 8 kHz and Ϫ115 dB/ octave.
The experiment was run by a microcomputer which also controlled the TDT system. The experimental matching sequence consisted of four intervals: BICEP stimulus, silent gap, matching tone in diotic noise, and silent gap.
3 All intervals were 500 ms long, incommensurate with the buffer cycle time and short enough that listeners were unaware of the 1.6-s repetition. The diotic noise presented with the matching tone had the same level as the BICEP noise, and, by adjusting the matching tone frequency and level, the listener could make the matching interval sound like the BICEP interval. The frequency and level adjustments were made with ten-turn potentiometers on the listener's response box. Potentiometer voltages were read with 16-bit ADCs and used to control a TDT WG2 pure-tone generator. The ten turns of the frequency control allowed a range of two octaves, and push buttons, also on the response box, allowed the listener to move that range up or down by arbitrarily large amounts.
The noise stimuli were presented at a level of 63 dB SPL ͑24-dB spectrum level͒ by Sennheiser HD 480 headphones. The level was high enough to produce strong binaural effects while avoiding cross talk. Listeners heard the stimuli while seated in a double-walled sound-treated room.
Matching trials were blocked as experimental runs, consisting of one match to each of five coherence edge frequencies, 550, 600, 650, 700, and 750 Hz, presented in random order. There was no time limit for making a match, and runs typically lasted 3 or 4 min. There were four different conditions: The coherent region could either be above the edge frequency or below the edge frequency, and the coherent components could be either in 0 phase ͑identical͒ or phase ͑inverted͒. Each listener did ten runs for each condition.
C. Listeners
There were five listeners, C, J, M, T, and W. Listeners C and M were females, age 19. Listeners J, T, and W were males, ages 21, 21, and 59. Listeners C and W were the authors. All listeners had normal thresholds through 8 kHz except for W, whose thresholds were elevated above 4 kHz as typical for males of that age. Listener J was unusual, having had no musical training at any time in his life.
D. Results
Because of the predicted pitch shifts, it is not possible to judge the reliability of the pitch matches by direct comparison with the edge frequency. Alternative tests are ͑1͒ matches that are monotonic with edge frequency, and ͑2͒ matches that are mutually consistent.
Monotonicity statistic
The probability that five matching frequencies chosen at random are in a monotonically increasing order is 0.8 percent. Therefore, if the matches obtained experimentally rise monotonically with increasing edge frequency, there is good evidence that the listener heard a reliable pitch depending on the edge frequency. The probability that random frequencies are in ascending order except for one deviation is 21.7 percent. Therefore, if the experimental matches rise monotonically except for one deviation, then that too is evidence for a reliable pitch. This probability argument is the basis of the monotonicity statistic which is used throughout this article. The expected results for random matches are shown in Table  I . This table serves as a basis for comparison for all the other tables in the article.
For experiment 1, the monotonicity statistic is given in Table II for the four conditions and five listeners. 4 A plot that corresponds to the average of the four lines of Table II appears as the dark histogram in Fig. 1 for illustration. The data in Table II indicate the presence of a pitch depending on the edge frequency for all stimulus conditions and all listeners. For instance, over all listeners and all conditions Table II shows perfectly monotonic matches for more than 50 percent of the trials, far greater than 1 percent as expected for random matches. Some listeners scored 100 percent. Statistics for monotonicity except for one deviation are similarly out of line with random performance. Although this statistic ignores the magnitude of the deviation from monotonically increasing matches, most deviations were just exchanges of neighboring positions when there was only a single violation. In summary, Table II shows unequivocal evidence for the existence of the BICEP. 
Pitch shifts
The pitch-matching results of the four stimulus conditions and five listeners are shown in Fig. 2 . Every match is shown, with the five matches of a run connected by a line. The rising character for the lines shows the tendency for the matching frequency to increase with the edge frequency as expected from the monotonicity statistic. There is also a clear tendency for pitches to be above the edge frequency when the noise is coherent below the edge ͑circles͒, and for the pitches to be below the edge frequency when the noise is coherent above the edge ͑diamonds͒. These results are all in agreement with the original predictions based on the EC model.
Although the data as a whole all give clear evidence of the BICEP and its expected pitch shift, there are individual differences. Listeners M and W with the most musical training show the most consistent matches. Listener J with no musical training is the least consistent. Listeners C and T made more consistent matches to -phase stimuli than to 0-phase stimuli. A model explanation for this result would be that listeners C and T are more successful in monitoring the binaural summation channel, and less successful in taking binaural differences ͑see Sec. E below͒.
E. Monaural analog
According to the EC model for BICEP, the listener binaurally subtracts or adds the noises in the two ears leading to a central spectrum with an edge. The monaural analog experiments performed noise subtraction or addition electronically and sent this noise to both ears diotically. For the purposes of this paper such a diotic noise is called ''monaural'' because each ear receives adequate information to make a pitch match. Otherwise, the monaural experiments were identical to the BICEP experiments above.
Noise subtraction experiment
Subtracting the two channels of the 0-phase BICEP stimulus leads to a monaural noise band with a sharp drop ͑measured to be 50 dB in our apparatus͒. If the components are coherent below the edge then the noise power vanishes below the edge and the monaural noise is high pass. If the coherent region lies above the edge then the monaural noise is low pass. Listeners C, J, and W matched the pitches of these noise bands created by subtraction. The results are shown by the monotonicity statistic in rows 1 and 2 of Table I. FIG. 2. Experiment 1 BICEP results. Circles show matching frequencies for BICEP noise that is coherent below the edge frequency. Diamonds show matching frequencies for BICEP noise that is coherent above the edge frequency. The diamonds have been slightly shifted to the right for clarity. The coherent noise components were identical in both ears ͑0 phase͒ or inverted ͑ phase͒. There were five listeners, C, J, M, T, and W. magnitude and sign, to the shifts observed in the BICEP experiment. This agreement suggests a similarity in mechanism between binaural and monaural experiments. The monaural analog is conceptually similar to the monaural experiment run by Klein and Hartmann in connection with the BEP. However, the comparison of pitch shifts with the BICEP is more impressive than with the BEP. The BICEP comparison shows the auditory system to be choosing binaural addition or subtraction operations to optimize the central edge in the BICEP experiment. In contrast, it is not possible to know what is the optimum operation in the BEP experiment.
Noise addition experiment
Adding the two channels of the 0-phase BICEP stimulus leads to a monaural noise with an edge that is only 3 dB high. For the coherent components the amplitudes reinforce in phase, whereas for the incoherent components only the powers add. The difference is 3 dB in favor of the coherent region. Listeners C, J, and W matched the pitches of noises created by noise addition. The results are shown by the monotonicity statistic in rows 3 and 4 of matches to the monaural added stimulus are clearly less consistent than matches to the BICEP stimulus itself.
Implications for models for BICEP
In the context of the EC model, the results of the monaural experiments give every reason to believe that the optimum strategy for a binaural system attempting to fabricate a pitch is to cancel the coherent components and not to combine them so as to reinforce. That is the unambiguous binaural strategy elicited by the BICEP stimulus. For this reason it was possible to conclude above that listeners who favor coherent components in phase, such as C and T, preferentially monitor a binaural addition channel and not a binaural subtraction channel.
III. EXPERIMENT 2-FREQUENCY LIMITS
Generally, binaural effects are strongest in the frequency region around 600 Hz ͑Licklider et al., 1950͒. Binaural effects become weaker two octaves below this frequency and especially weaker two octaves above. The experiments of Sec. II were in the favorable frequency region near 600 Hz. The purpose of experiment 2 was to explore alternative frequency regions to determine the limits over which the BI-CEP could be heard and reliably matched.
A. Method
For the low-frequency range, edge frequencies were 100, 200, 300, 400, and 500 Hz. For the high-frequency range, edge frequencies were 800, 1000, 1200, 1400, and 1600 Hz. Except for the change in range, the experimental methods were identical to experiment 1. Equal numbers of runs were done with the coherent region above and below the edge frequency. Equal numbers of runs were done with the coherent noise in phase ͑0͒ and with phase inverted ͑͒, a total of four different edge types. Listener C did ten runs for each edge type in the high-frequency region and four runs in the low-frequency region. Listener W did ten runs for each edge type in both the high-frequency and the low-frequency regions.
B. Results
The results for high-and low-frequency regions are shown in Fig. 4 . This figure also includes the data from experiment 1 plotted in the midfrequency region. It is evident that performance was much less reliable outside the midfrequency region. Performance appears to be especially erratic in the high-frequency region, though this is partly the result of the linear frequency scale. In a log-log plot, not shown here, the low-and high-frequency regions appear with similar dispersion.
A second view of the data appears in Fig. 5 , which plots the standard deviation of the matching frequencies as a percentage of the edge frequency. Although the standard deviation may be somewhat inflated by octave errors ͑visible at 100, 200, and 800 Hz in Fig. 4͒ , it provides further data on the consistency of the matches.
Figures 4 and 5 show that matches to edges outside the midfrequency region were not always unreliable. In the low- FIG. 3 . Experiment 1-Monaural analog to the BICEP. Left column ͑a͒, ͑b͒, ͑c͒: Pitch matches for the difference of channels. Circles are for noise coherent below the edge frequency so that the difference noise is high pass. Diamonds are for noise that is coherent above the edge frequency so that the difference noise is low pass. Right column ͑d͒, ͑e͒, ͑f͒: Pitch matches for the sum of channels. Circles are for noise that is coherent below the edge frequency so that the summed noise has a 3-dB low-boost shelf below the edge frequency. Diamonds are for noise that is coherent above the edge frequency so that the summed noise has a 3-dB high-boost shelf above the edge frequency.
frequency region matches by listener W to noise that was coherent above the edge were almost as self-consistent as matches in the midfrequency region. Listener W exhibited excellent consistency for the 0-phase coherent noise right down to 100 Hz. For listener C, data in the low-frequency region showed no clear preference for 0-phase or -phase coherence.
Similarly, in the high-frequency region, matches to -phase noise that was coherent below the edge were consistent at 800 Hz for listener W and for edge frequencies up to 1200 Hz for listener C. The preference shown by listener C for phase in the midfrequency region reappeared in the high-frequency region.
Because the three different frequency regions of this experiment were done separately, the data in Figs. 4 and 5 exhibit changes at the boundaries between regions that may be more pronounced than would have occurred had all frequency regions been represented in all runs. This apparent artifact was, however, not decisive. Consistent matches for coherence above a 300-Hz edge and for coherence below a 800-Hz edge were seen for both listeners. Evidently the inclusion of many difficult matches in a run did not seriously affect the ability to match at these edge frequencies in the low-and high-frequency regions. Therefore, it seems fair to present all the data in the same figures. There are two conclusions that can be drawn from experiment 2. The first is that the BICEP is considerably more prominent in the narrow range of frequencies around 600 Hz, where synchrony is well represented in the binaural system. Although there are exceptions, one might generalize from the data and conclude that the BICEP exists for edge frequencies in a range from 300 to 1000 Hz. This range is smaller than the range for the BEP, which can be found as high as 2.5 kHz. In the BEP the noise is coherent on both sides of the edge.
The second conclusion from experiment 2 is that when listeners are required to match edge frequencies outside the midfrequency range then the matches are more successful when the coherent region stretches into the midfrequency range, i.e., coherent above the edge for low edge frequencies and coherent below the edge for high edge frequencies. Thus, coherence in the region of best binaural synchrony seems to be important for the BICEP.
IV. EXPERIMENT 3-TIME DELAY
A. BICEP
The binaural system can obtain a central spectrum with an edge starting with the dichotic stimuli of experiments 1 or 2 by binaurally adding or subtracting the noises to the two ears. According to the standard EC model, the binaural adding operation is accomplished by a 180-deg phase shift followed by a central subtracting process. Thus, there is no central adding process per se. The necessary phase shift is normally attributed to an interaural delay line. It is part of the equalization stage in the EC model.
An alternative version of the EC model ͑Green, 1966; Henning, 1973; Bilsen and Goldstein, 1974͒ includes a central adding process. No delay line is required for the addition operation. Whether the central process is adding, or subtracting, or possibly both, the internal auditory delay line can be tested by a BICEP stimulus where the noise to one ear is given an external delay. Experiment 3 introduced such an external delay.
An external delay line does not change the incoherence/ coherence conditions of the stimulus. For the incoherent region, adding delay maintains the incoherence. For the coherent region, adding the delay means that the ͑positive or negative͒ peak of the cross-correlation function is shifted from a lag of zero to a lag equal to the added time delay. However, the magnitude of the peak is still unity.
Delay was added with a BSS TCS-803 digital delay. ͑Actual values of the delay were verified Ϯ10 s by a test that canceled sine tones.͒ The experiment was otherwise similar to experiment 1 including coherence both above and below the edge. However, the initial phase was always set to zero because it seemed superfluous to introduce a phase shift, such as , in addition to the delay.
The results of the experiment for listeners C, M, and W are given by the monotonicity statistic in Table IV and the pitch shift plots in Fig. 6 . Unlike Figs. 2, 3 , and 4 which show actual matching frequencies, Fig. 6 plots each match in terms of its percentage deviation from the coherence edge frequency. Therefore, the 45-deg line in Figs. 2, 3 , and 4 corresponds to the horizontal line at zero percent in Fig. 6 .
The data indicate that delays as long as 1 ms have little effect on the matches except for a slight increase in variability. A delay of 2 ms sometimes disrupts pitch matching but usually does not. A delay of 3 ms produces a more dramatic increase in variability, and a delay of 4 ms increases the trends seen at 3 ms. Delays of 3-and 4 ms lead to a considerable pitch shift, in the direction of lower pitch, for listeners C and W, but not for listener M.
The heavy solid lines in the top panels of Fig. 6 form a reference showing the result expected for random matching with a mean matching frequency of 650 Hz, the center of the stimulus edge-frequency range. The vertical extent of the heavy line, caused by the increasing edge frequency from left to right, is less than the extent seen experimentally for long decays. The slopes of the heavy lines are similar to the slopes of the data for long delays, indicating weak correlation between matching frequency and edge frequency. What seems most significant about this experiment is that it shows the internal delay line of the binaural system at work. The external delay can be compensated by the internal delay line so that the central spectrum has an edge, leading to a pitch, unchanged from the experiment with no external delay. This demonstration is independent of assumptions about the rule for combination, central addition, or central subtraction. The delay line begins to fail to operate in the expected way somewhere between 2 and 4 ms. This result agrees with the length of the delay line determined by binaural masking experiments ͑e.g., van der Heijden and Trahiotis, 1999͒.
B. Monaural analog
A monaural analog to the BICEP stimulus with delay adds the signals for the left and right ears. This leads to a flat noise spectrum in the incoherent region and rippled noise in the coherent region. It can be expected that listeners would have great difficulty in matching the pitch of such a noise. Unlike the binaural case, there is no way to use an internal delay line to compensate for the effects of the external delay. Particularly disruptive is a delay equal to one quarter of the reciprocal of the edge frequency. 5 For example, for an edge frequency of 650 Hz the reciprocal is 1538 s, and the most disruptive delay is 385 s.
Experiment and results
Listeners C, M, and W did three runs for the sum and three runs for the difference of the monaural delayed task with a delay of 385 s. This delay is expected to be maximally disruptive because one quarter of its inverse is in the center of our range of edge frequencies. As always, listeners were required to make a match whether or not they could hear a clear pitch. The experiment found that sum and difference stimuli led to indistinguishable results, and both were random. The monotonicity statistic in Table V and pitchmatching plots ͑not shown͒ for sum or difference are consistent with random matches. By contrast, Table V and pitchmatching plots show monotonic or nearly monotonic matches for the BICEP with a delay of 385 s, not different from the results with zero delay. The comparison between binaural and monaural experiments gave clear evidence for the operation of the internal delay line.
V. EXPERIMENT 4-RANDOM AMPLITUDES
Experiments 1, 2, and 3 used special noise in which every component had the same amplitude, i.e., equalamplitude random-phase noise. However, for thermal noise the amplitudes are distributed according to a Rayleigh distribution. Experiment 4 replaced the equal-amplitude noise with such a random-amplitude noise. The conditions were otherwise the same as for experiment 1. In particular, the amplitudes of each component were the same in left and right ears. Therefore, in the phase-coherent region a subtraction operation would lead to perfect cancellation as in experiment 1. Because the spectrum is so dense, with many components in any auditory band, one expects that the change from equal amplitudes to random amplitudes should have no effect ͑Hartmann, 1997, p. 526͒. Experiment 4 was a brief test to show that this is so.
A. Results
Listeners C, M, and W each did six runs with the BICEP stimulus made with random amplitudes, both coherent below the edge and coherent above. Only the 0-phase condition was tested. The results, shown in Fig. 7 , were indistinguishable from the results of experiment 1 with equal amplitudes. The monotonicity statistic in Table VI shows no degradation  compared to Table II for equal amplitudes. Both tables show somewhat greater monotonicity for the ''coherent below'' condition. Although the listener populations were somewhat different, the comparison between experiments 1 and 4 gives no reason to suspect that the special choice of equal- amplitude noise, as used in experiment 1 and in other experiments, had an important effect on the BICEP.
VI. EXPERIMENT 5-INTERAURALLY DIFFERENT AMPLITUDES
Experiment 4 used Rayleigh amplitudes that were random but were the same in left and right ears. Experiment 5 also chose amplitudes from a Rayleigh distribution, but the choices for left and right ears were made independently. Therefore, in the coherent region, only the phases of components in the left and right ears were identical. In the incoherent region both amplitudes and phases were independent across the ears. The reason for expecting that a BICEP would survive this amplitude randomization can be found in the monaural analog.
A. Monaural analog
Thermal noise is made by adding sine and cosine components with coefficients drawn from a normal distribution. If the normal distribution has variance 2 the amplitudes of the spectral components are Rayleigh distributed, and the noise power is half the average value of the squared amplitude or 2 . Adding or subtracting two statistically identical but incoherent noises leads to twice the power or 2 2 . In a coherent region, where the noise phases in the two channels are the same, adding ͑or subtracting͒ the channels leads to a power given by the summed incoherent power plus ͑or minus͒ the square of the average amplitude. For a Rayleigh distribution, this is 2 2 Ϯ(/2) 2 ͑Hartmann, 1997, Appendix I͒. For the plus sign, the noise is 2.5 dB greater than the sum or difference of incoherent noise channels. For the minus sign, the noise is 6.7 dB less than the sum or difference of incoherent noise channels. Therefore, adding or subtracting channels leads to a spectral edge of 2.5 or 6.7 dB, respectively. It seems possible that a reliable pitch might be generated by spectral edges of this kind, especially the 6.7-dB edge created by the difference.
Listeners C, M, and W did four runs of the monaural experiment. The results are given by the monotonicity statistic in the first four lines of Table VII and by the matching graphs in Figs. 8͑a͒-͑f͒. As expected, the most consistent matching occurred for the edge created by the difference, but the edge created by the sum also led to matches much better than chance.
B. Binaural experiment
Based on the good results for the difference spectrum in the monaural analog, one would expect that listeners could hear a BICEP for left and right channels made from independent noise amplitudes. The poor performance with interaurally independent amplitudes is somewhat surprising. Because amplitudes are strictly positive numbers, randomizing them does not have the same effect as randomizing phases. With an identical phase spectrum in the two ears, considerable coherence remains even when the amplitudes are randomized. Therefore, good performance was expected, not poor performance. The stimulus for this experiment can be thought of as an identical-amplitude stimulus ͑as in experiment 4͒ plus added incoherent noise, albeit a rather special noise. The poor performance suggests that the BICEP is quite vulnerable to added binaurally incoherent noise. Monaural noise was made from the difference of the two zero-phase BICEP channels. ͑2͒ Monaural noise was made from the sum of the two zero-phase BICEP channels. ͑3͒ The BICEP dichotic stimulus. All were coherent below the edge or coherent above. Results are averaged over three listeners, C, M, and W. 
VII. SUMMARY AND COMPARISON
The most significant results of this work can be summarized in a few sentences: ͑1͒ The BICEP exists. ͑2͒ Matches to the BICEP show pitch shifts as expected based on BEP experiments and based on the model of central lateral inhibition advanced to explain the BEP ͑Klein and Hartmann, 1980͒. Therefore, BICEP and BEP are similar, but BICEP has the great advantage that the pitch shifts can be predicted unambiguously, whereas the pitch shifts for the BEP depend on a choice made by the listener's binaural system. ͑3͒ BI-CEP shifts agree qualitatively with the pitch shifts seen in analogous monaural experiments, concocted to simulate the imagined operation of a hypothetical EC process. Quantitatively the BICEP shifts are somewhat larger and show larger variance. ͑4͒ The BICEP continues to exist if the noise to one of the ears is externally delayed, but it becomes unreliable if the delay exceeds 2 or 3 ms. ͑5͒ The comparison of -phase coherence and 0-phase coherence reveals a curious individual difference. Of four listeners who made very reliable matches to -phase BICEP, only two of them retained that reliability for 0-phase BICEP.
It is natural to compare the BICEP with the BEP. The monaural analogs are essentially identical for both. However, the BEP is coherent on both sides of the edge, whereas BICEP is coherent on only one side. Therefore, the boundaries on a binaural delay-place ͑ITD-frequency͒ plot are sharper for the BEP, and, a priori, one might expect the BICEP to be weaker than the BEP. Listeners made informal comparisons between the BEP and BICEP in the middle range of edge frequencies, 550-750 Hz. Some of them found the BEP to be stronger and some of them did not. None of them found the difference to be striking. Apparently, what is important is the ability to cancel a coherent spectral region. The spectral region that is not canceled ͑coherent for BEP and incoherent for BICEP͒ is apparently less important, at least for favorable values of the edge frequency. It may become more important for edge frequencies that are higher than optimum. Our best evidence is that the BICEP exists over a smaller range of edge frequencies ͑300 to 1000 Hz͒ than the BEP, which persists for edges an octave higher. However, a careful head-to-head comparison between BEP and BICEP has not been done.
VIII. DISCUSSION AND CONCLUSION
Besides the EC model, there are other models that attempt to account for dichotic pitch effects like the Huggins pitch, the BEP, and the BICEP. The central activity pattern ͑CAP͒ model by Bilsen ͑1977, 1986͒, based on the central spectrum model ͑Bilsen, 1977͒, is a delayplace plane model for both the pitch sensation and the lateralization of the pitch. The CAP model predicts that dichotic pitches occur at the frequencies of spectral peaks prominent in the central spectrum obtained with advantageous interaural time delays. Recently Culling et al. ͑1998a , b͒ have developed a modified equalization-cancellation model ͑mEC͒ wherein the EC process takes place in frequency bands. The mEC model predicts binaural pitches at frequencies where the interaural phase changes so abruptly with frequency that there is a residual excitation in a filter channel following the cancellation process. These models can be compared with what we have learned about the BICEP.
On the existence of the BICEP: All three models, EC, CAP, and mEC, as they are applied to binaural pitch effects, predict that a binaural pitch occurs at a place corresponding to a peak in a central representation resembling a central spectrum. However, none of the models actually predicts a peak for the BICEP stimulus, and the most literal interpretation of the situation is that none of the models predicts the existence of the BICEP.
The mEC model has the virtue that it does predict a peak for the BEP stimulus. The peak occurs because auditory filters tuned to the edge frequency, where the phase changes rapidly, are the only filters in which good cancellation does not occur. Hence, a peak appears as function of place. By comparison, the original EC model predicts only an edge in the central spectrum. On the other hand, as noted by Culling et al., the mEC model does not obtain a peak for the BICEP stimulus. It predicts only a broadened edge in the residual activation pattern, equivalent to the central spectrum. It was actually this situation that prompted us to resume BICEP experiments after a hiatus of 15 years.
But, although none of the models in their present form predicts a peak in the central spectrum, all of them can predict an edge. It may be reasonably argued that the remaining question is why an edge, either monaural or central, leads to a sense of pitch. Incorporating a central differentiation process with respect to place could account for both monaural and central pitches and would allow any of the binaural models to predict the existence of the BICEP. Differentiation with respect to place is here equivalent to lateral inhibition, enhancing contrast at an edge. The details of how central lateral inhibition could be incorporated into each of the models of dichotic pitch is beyond the scope of this article.
On the pitch shift of the BICEP: The experiments of this article have shown that the BICEP is shifted away from the edge frequency. The results are unequivocal on that matter. We suspect that the BEP is similarly shifted, but it is harder to prove that. Experiments on BEP made with analog stimuli by Frijns et al. ͑1986͒ did not find pitch shifts, but continued BEP experiments with digital stimuli in our lab continued to find shifts. The unambiguous shifts observed with the BICEP make the otherwise controversial BEP shifts more plausible.
None of the models of dichotic pitch predict the shift of the BEP. However, incorporating central lateral inhibition would predict a shift for both the BEP and the BICEP. Thus, central lateral inhibition not only allows the binaural models to predict the existence of the BEP and BICEP but it also predicts the observed shift. The EC model and the mEC model together with central lateral inhibition predict that the BICEP should be shifted into the incoherent region, in agreement with experiment. Against the hypothesized central lateral inhibition hypothesis are the results of pulsation threshold experiments ͑Hartmann, 1984b͒ which were designed to look for the effect but failed to find it. Possibly central lateral inhibition exists but has temporal properties that prevent a pulsation threshold experiment from revealing it. Possibly central lateral inhibition exists but it is such a weak effect that it can be seen only in a pitch experiment and not in a masking ͑pulsation threshold͒ experiment.
On the advantage of -phase coherence over 0-phase coherence: Figure 2 shows that four listeners made consistent matches to the -phase condition but only two of them made comparably consistent matches to the 0-phase condition. The EC model and mEC model involve cancellation by central subtraction of left-and right-ear noises following an equalizing delay. As such, they should predict better performance when the coherent region has 0 phase rather than phase because no internal delay can perfectly cancel all -phase components within one auditory channel. The fact that two listeners performed better in experiment 1 when the coherent region was in phase runs counter to the predictions of the EC and mEC models.
By contrast, the CAP model employs a central addition process ͑rather than subtraction͒. The apparent advantage of -phase coherence seen experimentally would be consistent with addition as the fundamental operation because a central addition process can cancel the -phase noise without the aid of a delay line. This result argues in favor of the CAP model. However, this argument is not consistent with the lowfrequency data obtained in experiment 2. If it is really true that the -phase advantage is caused by the delay line needed for 0-phase coherence then this advantage ought to grow as the edge frequency decreases. The lower the edge frequency the longer the required delay. Experiment 2 includes only two listeners, but both of them produce more consistent matches for 0 phase than for phase. One of these two listeners is C, who shows an advantage for phase at higher frequencies.
An additional clue appears in the form of the BICEP data in Fig. 2 . For listeners M and W, the good performance seen with 0-phase coherence is not distinguishable from the good performance with phase. For listeners C and T, performance is considerably worse with 0 phase. This form of the data does not suggest a central addition process that is made noisy by a delay line when the system is required to subtract. Instead, the form of the data suggests a model with two channels, one for central addition and one for central subtraction as in the version of the EC model adopted by Green ͑1966͒ and Henning ͑1973͒. Listeners may be more successful at monitoring one of these channels. Alternatively, the two channels might correspond to different paths through the delay-place plane as suggested in the CAP model. In the end, the BICEP experiments presented in this article have not enabled us to choose among competing models of dichotic pitch; the results have indicated that all the models require extension, if only to deal with the pitch shifts.
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